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1: Introduction
In the strongly correlated electron systems, a competition between the intersite magnetic coupling and the Kondo-like or Fermi-liquid-like singlet state formation plays an essential role. As examples of such systems, the heavy fermion systems, the oxide superconductors and the organic superconductors are attracting much attention. Construction of a comprehensive theoretical description for these systems is a big issue in the condensed matter physics, but such a goal is not yet reached. It seems rather difficult in such strongly correlated systems to theoretically take into account the intersite magnetic correlation and the formation of the singlet Fermi liquid state simultaneously. A purpose of the present paper is to shed some light on the understanding of such competition by studying the two-impurity problem rather than a lattice system. Effort towards such direction has its root in the study of the two-impurity Anderson modelby Alexander and And~rson,l) followed by Moriya, 2) in termns of the Hartree-Fock method. Yamada 3 ) investigated the same problem by the perturbation method with respect to the Coulomb repulsion between the localized electrons. Schlottmann 4 ) set up a Fermi-liquid description for this system. Jayaprakash et al. 5 ) first applied the numerical renormalization group (RG) method to the two-impurity Kondo model, and classified the various regimes depending on the sign and the relative strength of the interspin magnetic coupling to the Kondo temperature of the single impurity. More recently, Jones et al.
6
) reinvestigated the same model and found that the staggered magnetic susceptibility XS diverges when the intersite antiferromagnetic coupling J is about equal to twice the single-impurity Kondo temperature TK (l) . On the other hand, Fye and Hirsch
7
) investigated a pair of coupled Anderson impurities by the quantum Monte Carlo method and did not find the divergence. Sakai et al. 8 ) also used the RG method and pointed out that the disagreement between Refs. 6) and 7) may originate from the neglect of the energy-and the *) Present address: The Nikko Securities, Tokyo Dia Bldg., Shinkawa l-chome, Chuoku, Tokyo 104. In the present paper we describe a variational calculation of the Kondo state formation in the coupled two Anderson impurities, which is an extension of that used for mixed valent Tm impurities.ll)-13) Such a variational description was once tried by Sato and Nagaoka 14 ) and by Ishij15) for the two-impurity Kondo model, although calculation of various physical quantities was not elucidated. Y anagisawa 10) also introduced a variational wave function similar to but slightly different from ours for an analysis of their finite-size calculation. Although the present approach is not an exact one, it will prove to be useful for the understanding of the two-impurity system and might offer new directions for the improvement of the lattice theories.
The scope of the paper is as follows. A basic formulation is presented in § 2, and the relationship with the phenomenological model by Rasul and Schlottmann is discussed. Calculation of the staggered susceptibility is presented in § 3 and the large-N model is considered in § 4. In § 5 we present the calculation of the uniform magnetic susceptibility and the magnetization processes for finite magnetic field. Summary and discussion including comments on the relationship with experiments are given in § 6. A part of the present paper is already reported in a short form. ' The even-and odd-parity parts of the Hamiltonian (1) are transformed into
where peE) is the density of states of the conduction electrons in e and 0 channels, and we assume the limit U -H:D in the following. The Vp(E)'S are the parity-and energydependent mixing defined by (4) It is suggested 7 ), 8) that the different results between Refs. 6) and 7) may originate from this parity-and energy-dependence of Vp(E). It is useful to transform the Hamiltonian (3) into the following form by using C€l<1= (C€eO" + CtoO")/ /2 and C€20"=(C€eO" -c€oO") / /2, Thus, if Ve(E)= VoCE), the channels 1 and 2 are completely decoupled with each other, so that each channel forms a Kondo state independently, and the problem reduces to a mere superposition of the single site ones. This means that the RKKY (RudermanKittel-Kasuya-Yosida) interaction is not generated when Ve(E)= VoCE).
In this' paper we investigate this case Ve(E)2= Vo(E)2= V 2 =2r, since the variational wave functions become simpler as will be seen below. To remedy the above-mentioned deficiency, we instead add a direct spin-spin interaction term (3) , which operates only on the ndl=nd2=1 states. This term was introduced also in Refs. 6) and 8) for the same purpose.
The Hamiltonian (3) is very similar to that for a valence fluctuating Tm impurity,I1)-13) or more precisely, a Pr impurity which fluctuates between 4j2 and 4j1 states. Hence the method used there will be applicable also to the present problem. So, we take the Hilbert space consisting of d l and d
•
The latter is further confined to the states with ndl=nd2=1, which can be expressed as the singlet 
Here, 2D denotes the conduction band width and {la>®I.8>}r means to construct a state with the total spin "' / and an appropriate z-component from the states la> and 1.8> using the Clebsch-Gordan coefficients. Explicit forms are given in the Appendix. The only difference from the wave functions in Ref. 12 ) is the inclusion of the d 2 singlet state.
The variational equations for the eigenenergies Es, ET and ED of the abovementioned states Ilffs), IWT> and IWD > are easily derived as follows:
where
E1=Ed, E 2S =2Ed-(3/4)], E2T=2E d +(1/4)] and mlj(z)=(z-E 2a -
For the Kondo singlet state IWo>, we obtain the following equations:
which by eliminating .80, "' /0, 7)0 and So yield
As will be seen below, IWo> gives the ground state. These equations can be derived also by the extended NCA approach.l7) Equation (12) is of the form of nonlinear eigenvalue problem L(Eo)a=Eoa, where L(Eo) denotes a linear operator but includes Eo as a parameter. To solve it numerically, we assume a trial value Eo* for Eo included in L, and solve the eigenvalue problem repeatedly, until the obtained eigenvalue becomes equal to the input value Eo*. In the actual calculation, we have used a logarithmic mesh to discretize the energy integration.
In the following calculations we choose D=10000, E 1 =-300 and T=25. The Kondo energy scale may be defined as TK == €D -€0,12) which is plotted in Fig. 2 10~~~~--r~--~~~~-. It should be noted that this energy diagram resembles that of a simplified four spin model, which was proposed by Rasul and Schlottmann
9
) in order to understand the calculation by Jones et a1. 6 ) They investigated the following model Hamiltonian, (13) which is transformed into (14) where 8d=81+8z,sC=SI+SZ, A d=81-8z and ~C=SI-SZ. This Hamiltonian is easily diagonalized.
)
Among the eigenvalues, The anomalous response of the two-impurity Kondo system to the staggered magnetic field is attracting much attention. 
A numerical result is shown in Fig. 6 . For small ], d 2 component in Illfo> is dominated by the triplet state. Hence, the initial increase of Xs for small] is due to the reduction of the £0-> £s excitation energy. In the limit] -> 00, we find (20) since d 2 singlet state dominates in the ground state, and hence
->rlod lOd '( ()+ (,»2 R W(£0+£+£')2<llfTOlllfTO>-1<llfolllfo>-1 xs
Since < llfTolllfTo> ~ 1, the above equation gives (22) which is an expected behavior and is plotted also in Fig. 6 for the spins larger than half can include the higher power of (81· 8z). We hereby assume an interaction that splits off the singlet from other multiplets by J. The energy separations among the multiplets are assumed to be small. Then the factor 3 in Eqs. (11) and (12) are replaced by (N Z -1), which suppresses the relative magnitude of the mixing into the d Z singlet. The Kondo temperature is mainly determined by the mixing into the multiplet states. Therefore, we choose (N Z -1)r' equal to 3r of the preceding calculation. Then, in the case N =3, the mixing into the singlet is reduced by a factor of 3/8 while that to the multiplet remains unchanged. As shown in Fig. 6 , the hump of Xs vs J is greatly enhanced even for N =3 .. It diverges at a certain value of J ~ o( TK(I» when N --> =, since the mixing between Eo and Es becomes vanishingly small, so that they tend to cross each other. Thus the present variational scheme reproduces the result in Ref. 6 ) qualitatively when N -->=. If the paritydependence of the mixing Vp(E) is taken into account, the thin Kondo resonance will be split above and below the Fermi level for the even-and odd-parity channels, respectively, so that this divergence of Xs will be suppressed once again. § 5. Uniform susceptibility and magnetization curve Uniform susceptibility Xu can be calculated in the same manner as in Ref. 12 
where IlJf o), Q'o(E), /3o(E, E') and r;o(E, E', E") are those obtained in the previous section for H =0. The factor (g/.Ls)2 is suppressed once again. The coefficients A(E), B(E, E') and C(E, E', E") are determined by solving the following equation: 
=/f V(A(E)+ A(E'» -2/3T(E, E')[1+2r lD dE" Rl(O)(EO+E+E'-E")]' (E1-EO-E-E'+E")C(E, E', E")=-VB(E, E').
341 (25) (26)
The result is plotted in Fig. 7 . Perturbational calculation of Xu to the first order of J is given by spin direction (J. The equation for determining these coefficients is found to be where
° ' (27) 
and h= H/2. These equations are solved numerically. After discretizing the energy integration, the size of the matrix of the eigenvalue problem becomes twice that in the H =0 case. The ground state energy Eo(H) obtained in this way is spline-interpolated and differentiated with respect to H to obtain magnetization. Figure 8 (a) demonstrates such a calculation for I =0. In this case, the present model with the energyand parity-independent r becomes equivalent to the completely decoupled pair of Anderson impurities, as was mentioned in § 2. Thus we compare the present calculation to the Bethe-Ansatz solution 21 ) to check the accuracy of the approximation used. The dashed curve indicates the exact solution fitted to the present calculation at H --> 0. The dash-dotted line is drawn with the slope obtained from the value of Xu at I =0 in Fig. 7 . Since X imp =1/4 TK(l) for single impurity problem, the above procedure means that TK(l) is fitten here. From the value of Xu for I =0 in Fig. 7 , and noting that
, we obtain TK(l)~9. The magnetization curves calculated here agree fairly well with the exact ones, despite a crude approximation used.
When I is'increased sufficiently, the magnetization curves start to exhibit a so-called metamagnetic behavior, as shown in Fig. 8(b) for I =40. The dash-dotted line is the extrapolation of the initial slope. We have presented a full analysis of the variational description of the magnetically coupled pair of Anderson impurities. Neglecting the energy-and paritydependence of the effective mixing Vp(E), we obtained that the staggered susceptibility shows a hump around ] ~a few times TKO), but does not diverge. This is contradictory to the renormalization group result that the staggered susceptibility has to diverge when the localized charge is the same for both parity channels. 8 ) On the other hand, Vp(E) depends on parity and energy for the original Anderson model, so that Xs does not diverge actually. Thus the present calculation offers a practical description of the two-imputiry Anderson model. The present method yields the divergence of Xs when we take the Coqblin-Schrieffer limit by increasing the orbital degenaracy N and by reducing T. Jones et al.
20
) also applied a large-N slave-boson mean field theory and showed that certain singularity occurs at a critical value of ]. However, they do not seem to take into account the processes leading to Eq. (12), although detailed comparison with the present approach is not elucidated here.
One may argue that if one includes all the possible electron and hole excitations the wave functions i1Jfo> and i1Jfs> should have the same energy and should be the same state since the symmetries of both states are the same. This is true and a similar situation is also the case in the single-impurity Kondo problem. In the latter, one can construct the Kondo singlet state ilJfo> and the triplet state i1JfT> in the variational scheme, and only i1Jfo> forms a bound state in the "most divergent term" approximation.
)
However, it is considered that even the triplet state will form a local singlet state which is similar to the Kondo state if one includes all the possible terms, and that the triplet spin degrees of freedom are pushed out to the edge of the whole system and carried by the conduction electrons. Thus the ground state energies for both (totally) singlet and triplet states become equal. In the case of two impurities, the symmetries of ilJfo> and i1Jf s> are the same, so that they should be the same state as a ground state.
The state l1Jfs) for small J in the present treatment should be therefore considered to be an excited state from this ground state.
By applying finite magnetic field; magnetization processes are calculated. Magnetization curves showed meta magnetic behavior, but a steep transition takes place only for rather large J. Konno and Yanagisawa 23 ) have calculated the meta magnetism of a small-size two-impurity Anderson model by the exact diagonalization method and obtained a similar result to ours. Experimentally, heavy Fermion compound CeRu2Si2 exhibits metamagnetism at H =8 T. 24) Kondo temperature is reported to be about 24K in this material. Although one has to take into account the magnetic anisotropy and the crystal field splitting,25) one may apply the above calculation of metamagnetism to this material. However, because of the reason mentioned in the previous section, the heavy Fermion state will be destroyed for the value of J with which notable metamagnetism occurs, while the experiments show a large linear specific coefficient r~350 mJ /mole K2, indicating the heavy Fermion state is not much destroyed. In addition, it is found experimentally that HM scales very well with the inverse initial susceptibility l/x, the temperature of the susceptibility maximum Tmax and 1/ jA where A denotes the coefficient of the T2 term of the resistivity, all of which are considered to be the quantities of the order of TK • Thus, to explain this scaling relation, one has to assume Jex TK • If so, this J is not the perturbative RKKY interaction, but a strongly renormalized one in the heavy Fermion state. Then, such J might depend also strongly on magnetic field. Strong coupling of heavy electron states to the lattice distortion is also pointed out. 26 ) It seems necessary to introduce such an idea and to go beyond the simplified model presented here, in order to understand the metamagnetism in the real material. But, the present calculation may offer a starting point towards a final goal.
As a next step of the study, it will be of great interest to calculate the RKKY interaction with the full Vp(E)'S. Bya calculation of the Kondo singlet state including sufficient electron and hole clouds, the RKKY interaction itself gets strongly renormalized and may become field-dependent. Further study is now in progress in such direction. 27) 
